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ABSTRACT

We present a coherent analysis of Higgs boson production in the channels pp —
ZZX = 00X (6,0 =e,p)and pp — ZZX — Y v X (v = v, Vs Vr)
for my > 600 GeV at hadron supercolliders, using the exact niatrix elements for
99 — ZZ and q¢ — qqZZ. The importance of a complete understanding of the
shape of the perturbative pp — ZZX background from non-resonant diagrams is
emphasized. We find that the Higgs boson discovery potential of the LHC with
10% pb7! is roughly equivalent to that of the SSC with 10* pb™!. In particular,
a Higgs boson with mass of up to 800 GeV can be identified at the LHC (SSC)
with an integrated luminosity of 10° pb~! (10* pb~!). For my > 800 GeV, a clear
resonance structure is missing, however, one can still discriminate between a heavy

Higgs boson with myg ~ O(1 TeV) and a light Higgs boson (mg S 2Mz) at the
SSC.
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1. Introduction

One of the main goals of present and future accelerators is the search for the
Higgs boson. Its discovery would constitute a significant confirmation of the stan-
dard model of electroweak interactions (SM). Current data from LEP experimentsl)
place a lower limit on the Higgs boson mass of mpy > 041 GeV). Ultimately, LEP I
experiments will be sensitive to Higgs boson masses up to O(50 GeV),z) while at
LEP 1I, one can search for a Higgs boson with mass up to at least 80 GeV in the
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reaction ete™ — zHY

For larger values of my, it is proposed to search for the Higgs boson at hadron
supercolliders such as the LHC (pp collisions at /s = 16 TeV) or the SSC (pp
collisions at /s = 40 TeV). Beneath the Z boson pair threshold, my < 2M3z,
the analysis is complicated by large QCD backgrounds which overwhelm the signal
from the dominant H — bb decay. On the other hand. provided my > 2Mz,
the decay modes H — ZZ — £Y¢~¢*¢~ (6,6 =e, p)and H — ZZ — ¢ v
(v = ve, 1y, vr) both offer good opportunities to discover the Higgs boson. Decays
into four charged leptons lead to a very clean signature, while H — ZZ — £¥¢ v
results in a rather large number of events, due to the large Z — v# branching

4}

ratio.

The dominant production mechanism for Higgs bosons in the ZZ channel at
)

hadron colliders are gluon fusion,5 -
99 — H - 22, (1.1)

where the gluons couple through a top quark loop to the Higgs boson, and vector

. 8§-10
boson fusion, )

qq — qqH — qqZ Z, {1.2)

where the initial quarks or antiquarks each radiate a W or Z boson which then
annihilate into a Higgs boson. The cross section of the gluon fusion process (1.1)

1)

depends strongly on the unknown top quark mass, m;. Present data’ require

m: > 89 GeV, which indicates that the gluon fusion process dominates at the SSC

1



provided mg 5 600 GeV. On the other hand, the vector boson fusion process (1.2)
contributes substantially to the total Higgs boson production cross section for larger

Higgs boson masses.

Analytic expressions for the g¢g — ZZ and qq —+ q¢Z Z matrix elements, which
include all contributions from non-resonant Feynman diagrams, have recently been
presented in Ref. 7 and 12. In this paper, we use these matrix elements to make a
coherent analysis of Higgs boson production in the pp — ZZX — ¢+¢~¢'+¢~ X and
pp — ZZX — ¢¥¢"voX channels at hadron supercolliders. In Section 2, we present
results for the Z boson pair invariant mass distribution and the ZZ transverse mass
spectrum by combining the cross sections from ¢7 — ZZ, g9 — ZZ and qq —
qqZZ. We show that a full understanding of the shape of the perturbative pp —
ZZ X background from non-resonant diagrams is crucial in order to successfully
search for a heavy Higgs boson (or any other strongly interacting scalar sector)
at the LHC and SSC. We also demonstrate that the hadron calorimeter of a LHC
(SSC) experiment must cover at least the rapidity range of || < 4 (4.5) so that the
H — ZZ — ¢T{"vb signal is not completely overwhelmed by the Z +n jet, n > 1,
‘fake’ background. This fake background arises when jets accompanying a Z boson
have rapidities outside the range covered by the calorimeter, and thus contribute

to the missing transverse momentum of the event.

In Section 3, we use the results of the previous Section to study in detail the
observability of a Higgs boson with mass my > 600 GeV at both the LHC and
SSC. We find that, for an integrated luminosity of 10* pb™!, the Higgs boson can
be identified in the H — ZZ — £%£~¢'+ ¢~ channel at the LHC for my S 600 GeV.
The discovery potential of the LHC can be extended to myg < 800 GeV by either
increasing statistics by a factor of 10 or by searching in the H — ZZ — ¢Y¢~vi
channel. Due the the higher center of mass energy, the SSC will be able to observe
800 GeV Higgs bosons with an integrated luminosity of only 10 pb™!. If the Higgs
boson is heavier than about 800 GeV, a clear resonance structure no longer exists.
In this case, the larger energy available at the SSC may still allow one to clearly
separate a strongly interacting Higgs sector from a weakly iﬁteracting sector with
mpg < 2Mz, while this will be more difficult at the LHC, even with an integrated

luminosity of 10° pb~!. Finally, we present our conclusions in Section 4.



2. Cross Sections

To compute the cross section for the inclusive reaction pp — ZZX we use the
lowest order matrix elements for ¢4 — ZZ,”) 99 — ZZ" and qq — qqZZ.lz)
LHC and SSC experiments are expected to cover an electron and muon rapidity
range of |y¢| < 3. Since about 80% of the charged leptons originating from Z boson
decays have rapidities in the range |yz — y¢| < 0.5, we approximately simulate the
finite lepton coverage of future hadron supercollider experiments, with a rapidity

cut on £ bosons decaying into a charged lepton pair of,
lyz] <2.5. (2.1)

For the two jets in q¢ — q¢ZZ we require a separation in the rapidity-azimuthal-

angle plane of,

_ 2 2 1172 -
This cut is necessary to achieve a finite cross section, due to the collinear singular-
ity introduced by photon bremstrahlung diagrams which are incorporated in our

calculation, and has only a small effect on the total g — ¢¢ZZ cross section’?!

If both Z bosons decay into charged leptons, the invariant mass, mzyz, of the
Z pair can be reconstructed and the most obvious strategy to search for the Higgs
boson is to look for a resonance structure in the mzz spectrum. For large Higgs
boson masses, however, the Higgs width 'y, which grows like m%r /ME,, becomes
very large and the resonance peak is significantly diluted. In this case, the signal

. : . : 7
to background ratio can be improved by imposing a cut, 14)

1
pTZ > ymMzZ, (2.3)

on the transverse momentum, prz, of the Z bosons. Since the Higgs boson decays

isotropically in its center of mass frame, one expects to observe a Jacobian peak

at prz = %\ /m})'{ — 4M'§. The background, on the other hand, is peaked at low

transverse momentum.



Figure 1 shows the ZZ invariant mass spectrum, B - do/dmzz, for pp =
ZZX — £Y¢ ¢+ ¢~ X and various Higgs boson masses at the LHC and SSC. The
factor B = 4.4 - 107? represents the branching ratio for both Z bosons to decay
into electrons or muons. One observes that the Higgs resonance structure is con-
siderably more pronounced at the SSC than at the LHC. This is mostly due to the
q9 — ZZ background which is relatively more important at the LHC than at the
SSC. Furthermore, the myzz spectrum falls somewhat faster at the LHC, and cross

sections at /5 = 16 TeV are typically a factor 4 — 10 smaller than at SSC energies.

While a reasonably clear resonance peak emerges for my < 800 GeV, this is
no longer the case for a Higgs boson with mass of the order of 1 TeV. In this case,
the large width of the Higgs boson (T'y = 500 GeV) dilutes the peak and spreads
the signal over a large mzz range. As a result, the signal of such a ‘very heavy’
Higgs boson constitutes of a rather flat enhancement of the mz distribution over
the perturbative non-resonant background, represented by the solid line labeled
myg = 0 GeV in Fig. 1. The perturbative non-resonant background is obtained
by evaluating the g9 — ZZ and gg — ¢¢ZZ matrix elements with myg ~ 0. In
this case, the unitarity violating contributions between Higgs and non-Higgs graphs
completely cancel and the resulting m 7z distribution respects unitarity. In practice,

the precise value of my is unimportant provided my < 2M 5.

The SM parameters used in Fig. 1 and all subsequent figures are m, = 120 GeV,
a = a(Mg) = 1/128, Mz = 91.1 GeV, sin’ §yy = 0.23 and Mw = Mz cosfy =
80 GeV. These values are consistent with recent measurements at SLC,IS} LEP,IG)
and the Tevatron!'' Since in all cases, we are probing the hadron structure func-
tions at relatively large = (> 5-1073), there is little dependence on the choice
of input parton distributions. We use the parameterisation of Duke and Owens,
set ' evaluated at momentum scale Q* = §/4, where § is the parton center of
mass energy squared. The O{a?) gluon fusion process is, in principle, sensitive to
the choice of scale of the strong coupling constant, however, all scales, 3, P%“z + ;M%,

m%{ etc., are relatively large and different scale choices lead to changes of only
O(20%); we choose Q% = §/4.

The cross section of the gluon fusion process in the resonance region, my—I'y <
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mzz < myg+1 g, depends significantly on the top quark mass. For m; = 120 GeV,
g9 — ZZ is the most important source of 600 GeV Higgs bosons, With increasing
my, the g¢ — gqZZ subprocess gains in importance, and becomes competitive
with gluon fusion at my ~ 1 TeV. In the range of my we are considering, my >
600 GeV, the gg — ZZ cross section grows with m; in the resonance region. For
top quark masses less than 120 GeV, the contribution from gluon fusion is reduced
leading to a slightly less pronounced resonance structure in do/dmzz, particularly
for smaller Higgs boson masses. On the other hand, if my is significantly larger
than 120 GeV, g9 — ZZ would dominate Higgs boson production for all masses
mpg up to O(1 TeV), resulting in a considerable enhancement of the Higgs boson

peak in the mzz distribution.

In Fig. 2, we show the total cross section B-o(mzz > myn) above a minimmum
invariant mass mmia for pp — ZZX — YT~ X at the LHC and SSC as
a function of mpy;,. On the right vertical scale the expected number of events
for an integrated luminosity of 10* pb™! are indicated. A narrow Higgs boson
resonance is characterized in B - a(mzz > mpin) by a sharp drop in the cross
section at mpin = ™my. Lhis 1s clearly demonstrated by the dotted line, which
shows B - o{mzz > mpin) for mg = 600 GeV. For larger Higgs boson masses
the effect is somewhat washed out by the rapidly increasing width of the Higgs
boson, however, the total cross section above a minimum invariant mass is still
a rather sensitive indicator of the presence of a Higgs boson. The total cross
section for mpin > 1 TeV is seen to be particularly sensitive to Higgs boson masses

above 800 GeV, where the Higgs boson is strongly coupling.lg-)

Experimentally,
B -o(mzz > mpmpn) has the advantage of representing data in an unbinned form
which can conveniently be analyzed, e.g. by performing a Kolmogorov-Smirnov test.
Furthermore, by calculating the difference of the total cross section for two values
of mpgin one can easily obtain the pp — ZZX — 1€~ {0~ X cross section for any

arbitrary mzz mass range.

- A heavy Higgs boson with mass mg > 800 GeV does not lead to a pronounced
resonance structure in do/dmyzz. Furthermore, the expected event rates at large
values of the Z pair invariant mass are very small. Theoretical predictions for the

perturbative non-resonant background must therefore be as accurate as possible



if one wants to discriminate a heavy Higgs boson from a light one with my <
2Mz. In Fig. 3 we show the invariant mass distribution of the perturbative non-
resonant pp — ZZX — {T{7¢'*¢'"X background (solid line) together with the
contributions from the various subprocesses at the SSC. One observes that the
dominant contribution to the background originates from ¢§ — ZZ, with the gg —
Z Z subprocess being the second most important Z boson pair source at small values
of mzz. At large ZZ invariant masses, the ¢¢ — q¢ZZ subprocess becomes more

important than gluon fusion.

Combined, the g9 — ZZ and gq — qgZZ cross sections represent a 35 — 60%
(14 ~ 33%) correction to the ¢§ — ZZ rate at the SSC (LHC). They are thus of
the order of magnitude which one expects for the QCD corrections to ¢§ — ZZ.
These corrections have only been partially computed so far ™" and, therefore, are
not included in our calculation. The necessity of an accurate prediction of the
perturbative non-resonant pp — ZZX background, however, clearly warrants a

calculation of the complete O(a,) corrections to ¢7 — ZZ.

We now turn to the reaction pp — ZZX — ¢¥¢~upX. Its primary advantage
compared to pp — ZZX — (Y47 ¢+¢~X is the larger branching ratio of B =
0.026 for ZZ — ¢¥{~vb, which is, approximately, a factor 6 larger than that for-
ZZ - £Y¢{"* ¢~ However. a price has to be paid for the increase in statistics.
Since the neutrinos are only detected as missing transverse momentum, g, the ZZ
invariant mass can no longer be reconstructed and one has to consider a transverse
mass variable instead. Secondly, since real detectors do not cover the whole solid
angle, potentially dangerous fake backgrounds arise from particles with a rapidity
outside the range covered by the detector, and which, therefore, generate missing

transverse momentum.

In our analysis of pp —» ZZX — ¢Y¢"viX, we impose a rapidity cut of
lyz| < 2.5 (see Eq. {2.1)) on the Z which decays into the £t¢~ pair and the jet-
jet separation cut (2.2) in the subprocess g¢ — ¢¢ZZ. Furthermore, we require a

missing pr of,
pr > 100 GeV. (2.4)

This missing pr trigger helps reducing fake backgrounds where a non-zero pr arises



from mismeasurements of momenta, e.q. due to cracks in the detector. Since the
Z pair invariant mass cannot be reconstructed, the prz cut (2.3) to enhance the
Higgs boson signal cannot be applied in pp — ZZX — ¢+¢~viX. The results of
our caleulations depend in principle on the jet rapidity coverage of the detector,
IM4adl, since jets in g¢ — ¢¢ZZ with rapidity |n| > |ngag| are treated as ‘missing’,
and their momentum vector thus contributes to the missing transverse momentum

vector.

Two different transverse mass variables are discussed in the literature. The two

.21
body transverse mass of the Z pair, )

1/2
)

q 2 3 212 2
mi(prz-br) = [(oh + 33" - 4+ 33)] oz 4 4. (29)

depends on the transverse momentum prz of the reconstructed Z boson, as well
as the missing transverse momentum pr. On the other hand, the ZZ transverse
4)

mass,

)1/2

mrzz = 2(ptz + M3) ", (2.6)

only involves the momentum of the Z boson which decays into £+¢~, and is thus
easier to handle experimentally. For Z bosons pairs with no transverse momentum,
przz = 0, mr(prz, pr) and mrzz coincide. Away from the threshold region,
mrzz =~ 2prz, and the structure of the Z boson transverse momentum spectrum

is directly reflected in the myz 7 distribution.

In Fig. 4, we show the m7zz distribution, B - deo/dmyzz, at the LHC and SSC
for various Higgs boson masses. For my < 800 GeV, the Higgs boson peak, which is
clearly visible in the mz 7 distribution, is degraded to a broad shoulder. The effect
of a heavy Higgs boson of mass myg ~ O(1 TeV) is a smooth, almost structureless,
enhancement of the perturbative non-resonant background (solid line), particularly
at the LHC. An accurate theoretical prediction of the background will therefore
be very important in order to discriminate a heavy Higgs boson from a weakly

interacting Higgs sector in this channel.

The long-dashed lines in Fig. 4 represent the background from pp — Z;X —
€t£7;X. This fake background arises when the jet rapidity is outside the range

=1



covered by the calorimeter of the detector, and thus contributes to the missing
transverse momentum of the event>>) The three long-dashed lines give an estimate
of this fake background for a calorimeter coverage of [ng,4! = 3, 4 and 4.3 (3.5, 4.5
and 5) respectively, at the LHC (SSC), i.e. when jets with rapidity larger than this
value are not identified. Additional, potentially important, contributions to this
background arise from pp — Z + n jet with n > 2. However, these contributions
cannot be reliably calculated at present with purely partonic Monte Carlos since

3

existing calculations for Z + n jet productiong do not take into account soft
and virtual corrections. Jet transverse momentum and separation cuts are thus
necessary to avoid infrared and collinear singularities and to achieve a finite cross
section. If the jets are not observed, these cuts are meaningless and cannot be
applied. The pp — Z 4 n jet contributions will, however, always enhance the ZprX
background. The long-dashed lines in Fig. 4 can thus be viewed as a conservative

lower bound on the fake ZprX background.

From Fig. 4, it is clear that LHC (SSC) detectors must have a hadron calorime-
ter covering the rapidity range || < 4 (4.5) if one wants to search for the Higgs
boson in pp — ZZX — ¢*{~viX. In certain cases, where an accurate deter-
mination of the perturbative non-resonant background at low values of mrzz is
important, a coverage out to |n| = 4.5 (5) may be required. Qur results for the SSC

agree qualitatively with those of Ref, 24,

As we have mentioned above, the myz; distribution for gg — qqZ Z depends
explicitly on the hadron calorimeter coverage of the detector. The results shown in
Fig. 4 (solid, dashed, dotted and dash-dotted lines) have been obtained assuming
that the range out to |nHaq| = 4 (4.3) is covered at the LHC (SSC). The dependence
of B -do/dmpzz on the calorimeter coverage, however, is quite weak, and almost
identical results are obtained e.g. for |ny,q] = 2.5. This is because the two quark
jets in q¢ — ¢qZZ typically have a transverse momentum of (50 — 100 GeV)

which is much smaller than the missing pr originating from Z — v#.

One might wonder whether the pp — Z; X fake background can be reduced by
imposing more stringent cuts. It turns out that this is not the case. For example,

a rapidity cut of |yz| < 2 instead of (2.1) reduces both signal and background
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by approximately 20%, without changing the slope of the curves. Alternatively,
a more stringent pr cut merely increases the mrzz threshold for both signal and

background, and leaves the distributions essentially unchanged at large mrzz.

There is an additional fake background from the production of bb, t and VIV~
pairs, followed by decays into leptons, which can also give rise to a ¢¥€~ pair
accompanied by missing transverse momentum. The size of this background de-
pends on how well lepton pairs from Z decay can be distinguished from continuum
production, which, in turn depends on the detector resolution. For the types of
detectors under consideration for SSC and LHC experiments, the resolution is suf-
ficiently good that the heavy quark background is reduced to a level far below the

"6)
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signal, and does not present a serious problem.

Results very similar to those shown in Fig. 4 are obtained for the mr{prz,#r)
distribution. This can be ecasily understood by noting that the ¢¢ -+ ZZ and
gg — ZZ subprocesses are the major contributions to the mpzz and mr(prz, pr)
distributions. In lowest order, the Z pair is produced with zero transverse momen-
tum in these two reactions, and in this case, the two distributions coincide. Once
higher order QCD corrections are taken into account, a non-zero przz is generated
and the two transverse mass variables differ on an event by event basis. However, in
the Higgs resonance region, the ZZ transverse momentum is usually much smaller
than the individual Z boson pr, so that the differences between the mrzz and
mr(prz,pr) distributions are small in this region. As a further consequence, the
transverse momenta of the observed Z boson and the missing pr tend to balance
each other so that the mryzz, prz and pr distributions are all very similar in this

region.

One can also study the total ¢ross section above a minimum transverse mass,
B -o(mpzz > mmin ). The resulting distributions are very similar to those shown

in Fig. 2 and thus are not shown.

As we have already emphasized, an accurate prediction of the perturbative
non-resonant background will be very important in distinguishing a heavy Higgs
boson from a light one. In Fig. 3, we show the m7zz distribution of the pp —
ZZX — 6t~y X background (solid line) together with the contributions from



the various subprocesses at the SSC. As for the mzz distribution (see Fig. 3), the
major part of the background originates from ¢4 — ZZ and 99 — ZZ. The ¢qq —
qqZ Z subprocess is, however, generally more important than it is in B - do/dmzz,
particularly at large values of m7zz. Combined, the g9 — ZZ and qq — ¢¢Z2
cross sections represent a 60 — 65% (~ 30%) correction to the ¢g§ — ZZ rate
at the SSC (LHC).

3. Higgs Boson Discovery Potential of the LHC and SSC

To further illustrate the points discussed above, we show in Fig. 6 and 7 the
expected number of pp - ZZX — ¢*¢~0+¢'~X and pp — ZZX — {TE7wvpX
events versus mzz and mrzz, for various Higgs boson masses, at the LHC and
SSC. The size of the mzz and myzz bins is 40 GeV. ‘Data’ points show the Higgs
boson signal with statistical errors, while the solid curves represent the perturbative
non-resonant background. To transfer cross sections into event rates we choose two
representative luminosities. Firstly, we take [ Ldt = 10* pb~! (lower points and
curve), which corresponds to one ‘year’ of operation at 10°® ecm~?s™1. Secondly,
to show the effect of either a higher luminosity or several years of operation, we
choose ff. dt = 10% pb™! (upper points and curve), corresponding to one ‘year’ at
10% cm~%s! or ten ‘years’ at 10%% cm~?s~!. As before, we use m; = 120 GeV and
the cuts specified in Eqgs. (2.1) - (2.4), and make the additional assumption of a
lepton identification efficiency of 100%.

From Fig. 6, it is clear that one should be able to discover a 600 GeV Higgs
boson in the H — ZZ — ¢~ ¢+ ¢~ channel at the LHC with 10* pb~! provided
me > 120 GeV. However, for a top quark mass close to its present lower limit,
my == 90 GeV,n) the signal of a Higgs boson with my = 600 GeV only corresponds
to a deviation from the perturbative background at the 98% confidence level” In
this case, the value my ~ 600 GeV seems to mark the Higgs boson discovery limit
for the LHC in pp — ZZX — ¢+~ ¢"+¢'~X with [ Ldt = 10% pb™'.

* We use a standard y? fit, where, in order to achieve sufficient events in each bin, all events
~with mzz > 500 GeV have been collected into a single bin. This procedure guarantees that a
high confidence level cannot arise from a single event at high invariant mass.
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It is also evident that an 800 GeV Higgs boson cannot be identified via a
resonance structure in the four charged lepton mode with only 10* pb~! at the LHC
and my < 120 GeV, simply because too few events are produced in the resonance
region to make the signal observable. If the top quark mass is significantly larger
than 120 GeV, one may, in fact, see a slight enhancement around mzz = 800 GeV,
but even for a 200 GeV top quark, the Higgs resonance peak is not fully visible.
On the other hand, provided the fake backgrounds can be controlled, the mrzz
distribution points more directly at the presence of the Higgs boson, and, even if
my = 90 GeV. a deviation from the background is observable at the 97% confidence
level. Due to the relatively large width of a 800 GeV Higgs boson (Cg ~ 260 GeV)
it will not be easy to make a positive identification of such a scalar in the mrzz
distribution. However. with 10% pb™!, a clear resonance peak emerges in the four
lepton channel for m; > 90 GeV, with at least ~ 10 events per bin in the resonance

region, and an 800 GeV Higgs boson can be discovered at the LHC.

If mg > 800 GeV, the signal is spread out over such a large range that it will
be very difficult to see a significant deviation from the perturbative non-resonant
background in either channel at the LHC. Even with 10° pb~! one can, at best,
hope to see a slight systematic increase of the cross section at large invariant masses
for m; <120 GeV.

In contrast to the situation at the LHC, a 800 GeV Higgs boson produces a
rather clean signal in the mzy spectrum at the SSC with 10* pb™! (see Fig. 7).
The size of the signal is approximately the same as for a Higgs boson with my =
600 GeV at the LHC. However, due to the much reduced ¢j — ZZ background,
the Higgs signal in the mpzz spectrum is much more pronounced than at the
LHC. Furthermore, the prospects for observing a significant deviation from the
perturbative non-resonant background for my > 800 GeV are much better at the
SSC. With an integrated luminosity of 105 pb~!, one should be able to clearly
discriminate between a heavy Higgs boson with mass mg ~ O(1 TeV) and a light
Higgs boson (mpg < 2M7z) in the four charged lepton mode. For 10% pb™!, this will
only be possible in pp — ZZX — ¢¥¢-viX.

Figs. 6 and 7 clearly demonstrate that in order to observe a statistically signifi-
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cant deviation from the perturbative non-resonant background for my > 800 GeV,
the shape and nermalisation of the background curve must be known with a high
degree of accuracy. This may not be as difficult as it seems for the following rea-
soms. First, although both signal and background are subject to uncertainties in the
structure functions and higher order corrections, the relative shapes of signal and -
background are less uncertain. Second, the normalisation will, in practice, be fixed
by the data at small mz 7z and mTzz.Jr An accurate measurement of the low mass
region will be crucial in extracting any new physics since, in many cases, there is
insufficient data at large mzz and mrzz to assist in determining either the shape

or normalisation.

Our discussion about the observability of a Higgs boson with mass mg >
600 GeV has been purely qualitative so far. It can be made somewhat more quan-

titative by extracting the maximum value Spax = S{(Muia) = max{S{mmin)} of,

‘ . . 2 1/2
S(Tﬂmin) _ ([i m;;(mmm_) _'-’\O(mmm)] ) , (31)

iVO(mmin)

where Npy(Mmpin) is the number of signal events for a Higgs boson of mass my
with mzz > muyin, and Ny(mpi ) the corresponding number of background events,
inpp— ZZX = {760 X. Npy(mmin) and No(mpin) are obtained by multi-
plying B - o(mgzz > mnpin) (see Fig. 2) with the integrated luminosity. Mg, is the

value of mmi, which maximises S{mpy;,).

Smax represents the statistical significance, in standard deviations, of the signal
of a Higgs boson with mass my. For a narrow resonance, Smax is equivalent to the
significance of the cross section enhancement in the resonance region. By replacing
No(mmin) in Eq. (3.1) by Nm‘H(mmin)t S{mmin) can be generalized so that the
corresponding value of Smax gives a quantitative measure of how well a Higgs boson
with mass my can be discriminated from a Higgs boson of mass m'; at the LHC
or 55C. This in turn reflects how well my can be measured in pp —» ZZX —

(T=+¢'~X. A similar analysis can, in principle, be also carried out for H —

t As shown in Fig. 4, some of the small mpzz data will be contaminated by the fake Z + n jet
background, rendering the overall normalisation more uncertain.
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ZZ — ¢*"vuX. However, due to the Z + n jet fake background. the expected
systematic errors in this channel are significantly larger than for the decay into four
charged leptons, rendering the results of such an analysis more uncertain, and we

have not attempted it.

Table 1 lists Smax and the corresponding value of My, for various Higgs boson
masses rng and m'y at the LHC and SSC. for an integrated luminosity of 10 pb~!
(10% pb™1). My, in general, does not change very much when the center of mass
energy is increased from 16 TeV to 40 TeV. Furthermore, all values of My, are
sufficiently small, so that the number of events is large enough to make this analysis
meaningful. From the values of the statistical significance shown in Table 1 one
can conclude that the Higgs boson discovery potential of the LHC with 10% pb~! is
roughly equivalent to that of the SSC with 10* pbh~1.

At the LHC, and with an integrated luminosity of [ Ldt = 10* pb™!. a 600 GeV
Higgs boson produces a 4.3 0 deviation from the perturbative non-resonant back-
ground in the H — ZZ -+ ¢Y¢=¢'*{'= channel. On the other hand, it can only be
discriminated from a Higgs boson with my = 800 GeV (1 TeV) at the 2.00 (2.907)

level. In this case, the mzz distribution itself may be a better mass discriminator.

In Fig. 6 we have seen that there are too few events to make an 800 GeV Higgs
resonance observable at the LHC with [ £dt = 10* pb™!. Nevertheless, since the
signal is spread over a fairly large invariant mass range, the total cross section
above a minimum invariant mass is significantly larger than the backeround cross
section, and leads to a 2.0 ¢ effect for My = 620 GeV. Although an effect of this
size certainly does not establish the existence of a Higgs hoson, it demonstrates
that Smax is a rather sensitive indicator for such a particle. For m, = 200 GeV,
the significance of the Higgs signal is increased to 4.2¢0. On the other hand, an
800 GeV Higgs boson clearly produces a strong signal at the SSC. However, since
the width rapidly increases with my, it will be more difficult to distinguish it from

a heavier Higgs boson than from a lighter scalar (see Table 1).

Finally, Table 1 clearly shows that for a really heavy Higgs boson with mpg ~
O(1 TeV), the SSC offers much better prospects for observing a statistically signif-

icant deviation from the perturbative non-resonant background, and thus for sep-

13



arating a strongly interacting scalar sector from a light. weakly interacting Higgs

sector than the LHC.

The values listed in Table 1 have been derived by assuming a lepton identifi-
cation efficiency of 100%, and without taking into account any systematic errors.
Viewed from this point they are thus somewhat optimistic. On the other hand.
there are more powerful statistical methods available than the one used above to
analyse real experimental data, and they may easily allow one to discriminate more
accurately between different values of my. The values of Spay in Table 1 should
therefore be regarded as semiquantitative estimates, illustrating the qualitative

statements made above.

4. Summary and Conclusions

In this paper, we have presented a coherent analysis of Higgs boson production
inpp— ZZX — {078 X and pp —» ZZ.X — &€~ vi X at hadron supercollid-
ers, using the exact matrix elements for gg — ZZ and qqg — ¢gZZ. We have shown
results for the invariant and transverse mass of the Z boson pair by combining the
cross sections from ¢4 — ZZ, g9 — ZZ and qq¢ — ¢qZZ. Furthermore, we have
demonstrated that an accurate theoretical prediction of the shape and normalisa-
tion of the perturbative non-resonant background will be crucial in extracting the
Higgs signal, particularly for my > 800 GeV, where a clear resonance structure no
longer exists. Combined, the gg — ZZ and ¢¢ — ¢¢Z Z background cross sections
are about the same size as one expects the QCD corrections to ¢§ — ZZ to be.
Since the perturbative non-resonant background also constitutes a lower limit on
the pp — ZZ.X cross section, a calculation of the complete (e, ) corrections to

qq — ZZ is clearly warranted.

In the ZZ transverse mass distribution, mrzz (see Eq. (2.6)), the Higgs res-
onance peak is degraded to a broad shoulder. Away from the Z pair threshold,
the mrzz, prz, pr and the two body transverse mass distribution, mr{(prz,br)
(see Eq. (2.5)), are all very similar. Furthermore, the dependence of the mrzz dis-
tribution on the rapidity range covered by the calorimeter of the detector is quite

weak. However, in order to sufficiently suppress the pp — ZjX — ¢1¢7;X fake

14



background, LHC (SSC) detectors must have a hadron calorimeter covering the

rapidity range |n| < 4 (4.5) (see Fig. 4).

Based on these results, we have studied the observability of a Higgs boson with
mass mpy > 600 GeV at the LHC and SSC. We find that, for J Ldt =10% pb~!| the
Higgs boson can be identified at the LHC in the four charged lepton decay mode
provided mg S 600 GeV. The range of accessible Higgs boson masses at the LHC
can be extended to my ~ 800 GeV by either searching in the H — ZZ — ¢+e—vi
channel or by increasing the integrated luminosity to 10° pb~'. In contrast, a
800 GeV Higgs boson produces a clean signal in B-do/dmzz at the SSC with only
10* pb~!. Broadly speaking, the Higgs boson discovery potential of the LHC with
103 pb~! is equivalent to that of the SSC with 10 pb~L.

For myg > 800 GeV, where the signal, due to the large width of the Higgs
boson. consists of a smooth. almost structureless. enhancement of the perturbative
non-resonant background (see Figs. 1 and 4), the SSC has a much better chance -
of observing a statistically significant effect than the LHC. In fact, even if no reso-
nance structure in Z pair production is observed at the SSC, one should be able to
clearly discriminate between a heavy, strongly interacting symmetry breaking sec-
tor, and a light perturbative sector characterized by a light Higgs boson with mass

mpy < 2Mjz, provided that the perturbative non-resonant background is known

with sufficient accuracy.

Finally, the conclusions presented here are somewhat more optimistic than those
of previous studies. particularly for the LHC**® The reasons for this are twofold.
Firstly, and most importantly, throughout this work, we have assumed a rather
large value for the top quark mass, my = 120 GeV. some way above the current
lower bound, m; > 89 GeV. However, our conclusions are not significantly softened
even if the top quark is just around the corner, m; = 90 - 95 GeV. On the other
hand, if the top quark is heavier, m; ~ 200 GeV, the Higgs boson signal will
become more pronounced. Secondly, we utilise the exact matrix elements for Z
boson pair production, which contain some sizeable interference effects, especially

for g9 — ZZ. and which increase the effective size of the signal.
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TABLE 1

Statistical significance of the Higgs boson signal at the LHC and SSC in pp —
ZZX — ¢+ X, for my = 120 GeV and an integrated luminosity of 10* pb~!
(10° pb™1). Both Z bosons are required to have rapidity, |yz| < 2.5, and transverse
momentum, prz > %mzz. Smax = S(Muin) = max{S{mmui,)} represents the
significance, in standard deviations, of a Higgs boson with mass my compared to
the perturbative non-resonant background {m'y = 0), and compared to a Higgs
boson with a different mass m'y. Mpin is the value of mp;, for which S(mmpin) (see

Eq. (3.1)) is maximal.

LHC SSC
miy (GeV]| mYy (GeV] | Muin [GeV] Semax Muin [GeV] Smax
0 500 4.3 (13.4) 500 12.7 (40.0)
600 800 460 2.0 (6.5) 420 4.9 (15.5)
1000 460 2.9 (9.3) 460 7.4 (23.5)
0 620 2.0 (6.5) 620 7.0 (22.2)
800 600 420 1.7 (5.4) 700 4.4 (13.9)
1000 580 0.8 (2.5) 580 2.1(6.7)
0 700 1.1(3.5) 700 4.4 (13.9)
1000 600 460 2.2 (7.1) 420 5.4 (17.1)
800 580 0.7 (2.3) 540 1.9 {5.9)
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FIGURE CAPTIONS

- Invariant mass distribution, B - do/dmzz, of the Z boson pair in pp —
ZZX — X0~ X at (a) the LHC and (b) the SSC, for my = 600 GeV
(dotted line), my = 800 GeV (dashed line) and my = 1000 GeV (dash-dotted
line). The my = 0 GeV curve (solid line} represents the perturbative non-
resonant background. Both Z bosons are required to have rapidity, |yz{ < 2.5.

and transverse momentum, prz > %ng.

. Total eross section B - o{mzz > mpp) above a minimum invariant mass,
Mmin, for pp — ZZX — {7~/ X at (a) the LHC and {b) the SSC,
for my = 600 GeV (dotted line), my = 800 GeV (dashed line) and my =
1000 GeV (dash-dotted line). The my = 0 GeV curve (solid line) represents
the perturbative non-resonant background. Both Z hosons are required to

have rapidity, [yz| < 2.5, and a transverse momentum, pTZ > imZZ-

. Invariant mass distribution of the perturbative non-resonant pp— 22X —
£H ¢ X background at the SSC. The dotted, dashed and dash-dotted
lines show the contributions from ¢q ~ ¢¢ZZ, gg — ZZ and q§ — ZZ. The
solid line gives the sum of the cross sections of the three subprocesses. Both Z
bosons are required to have rapidity, |yz| < 2.5, and transverse momentum,

1
prz > ymzz.

. Z boson pair transverse mass distribution, B - do/dmrzz, in pp— L2X —
Y7o X at (a) the LHC and (b) the SSC, for my = 600 GeV (dotted
line), my = 800 GeV (dashed line) and mgy = 1000 GeV {dash-dotted
line). The my = 0 GeV curve (solid line) represents the perturbative non-
resonant background. The long-dashed curves show the background from
pp — ZjX — €% jX, where the jet has rapidity 7 > |nHaq]| and there-
fore ‘fakes’ missing transverse momentum, for various calorimeter coverages
MHad{- In all cases a pr > 100 GeV cut and a rapidity cut of lyz| < 2.5 on
the Z decaying into ¢*¢~ are imposed.

. Z boson pair transverse mass distribution of the perturbative non-resonant
pp — ZZX — {*¢ v X background at the SSC. The dotted, dashed and
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dash-dotted lines show the contributions from ¢qq — ¢¢ZZ, g9 — ZZ and
¢§ — ZZ. The solid line gives the sum of the cross sections of the three
subprocesses. The Z boson decaying into £+¢~ is required to have rapidity

lyz] < 2.3, and a pr > 100 GeV cut is imposed.

. Expected event rates for pp — ZZX — (¥ ¢*~X and pp —» ZZX —
€+¢=vvX as afunction of mzz and mrzz respectively for mg = 600, 800 and
1000 GeV at the LHC. ‘Data’ points show the Higgs boson signal in 40 GeV
bins with statistical errors, while continuous curves represent the perturbative
non-resonant background. Upper (lower) points and curves correspond to an
integrated luminosity of 10% pb™" (10* pb™"). The cuts specified in Eqs. (2.1)

- (2.4) are imposed.

. Expected event rates for pp — ZZX — (Y~ ¢*¢'~X and pp — ZZX —
£*¢"vi X as a function of myz and mrzz respectively for my; = 600, 800 and
1000 GeV at the SSC. *‘Data’ points show the Higgs boson signal in 40 GeV
bins with statistical errors. while continuous curves represent the perturbative
non-resonant background. Upper (lower) points and curves correspond to an
integrated luminosity of 10% pb™! (10* pb™?!). The cuts specified in Eqgs. (2.1)
- {2.4) are imposed.
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